Context. The main sequence binary star 61 Cyg (K5V+K7V) is our nearest stellar neighbour in the northern hemisphere. This proximity makes it a particularly well suited system for very high accuracy interferometric radius measurements. Aims. Our goal is to constrain the poorly known evolutionary status and age of this bright binary star. Methods. We obtained high accuracy interferometric observations in the infrared K ′ band, using the CHARA/FLUOR instrument. We then computed evolutionary models of 61 Cyg A & B with the CESAM2k code. As model constraints, we used a combination of observational parameters from classical observation methods (photometry, spectroscopy) as well as our new interferometric radii. Results. The measured limb darkened disk angular diameters are θ LD (A) = 1.775 ± 0.013 mas and θ LD (B) = 1.581 ± 0.022 mas, respectively for 61 Cyg A and B. Considering the high accuracy parallaxes available, these values translate into photospheric radii of R(A) = 0.665 ± 0.005 R ⊙ and R(B) = 0.595 ± 0.008 R ⊙ . The new radii constrain efficiently the physical parameters adopted for the modeling of both stars, allowing us to predict asteroseismic frequencies based on our best-fit models. Conclusions. The CESAM2k evolutionary models indicate an age around 6 Gyrs and are compatible with small values of the mixing length parameter. The measurement of asteroseismic oscillation frequencies in 61 Cyg A & B would be of great value to improve the modeling of this important fiducial stellar system, in particular to better constrain the masses.
Introduction
Binary stars are numerous in the Galaxy but only few of them can be fully calibrated physically. They are interesting for several reasons, among them the most important for evolutionary modeling is that the two components are coeval, and share the same chemical abundances of the original material. This makes their modeling much easier than for single stars, as several free parameters of the models are shared between the two stars (age and helium content). Possibly the best example of physical calibration of a binary system is provided by our closest neighbour, α Cen . Its two solar-type components were analyzed in detail with the use of photometry, spectrometry, astrometry and interferometry. It resulted in excellent knowledge of the masses of the two components (within less than 1%), and, through modeling of the stars, of fundamental parameters not directly accessible to measurements, like the age or the helium content. Therefore, these two stars are, with Procyon, Sirius and Vega, among the most important benchmark stars for new developments of stellar structure and atmosphere models. The present study focusses on 61 Cyg A (HD 201091, HIP 104214) and B (HD 201092, HIP 104217) , the nearest stars in the northern hemisphere. The two stars constitute a visual binary pair with a very long orbital period (≈ 650 yrs), also known as Gl 820. The
Send offprint requests to: P. Kervella Correspondence to: Pierre.Kervella@obspm.fr parallax of ths system was first measured by Bessel (1838) , and it is now known with extremely high accuracy. The proper motion of more than 5 ′′ per year, first determined by Piazzi in the XVIII th century, makes it one of the fastest moving stars in terms of apparent displacement. Although some of this motion comes from the proximity of 61 Cyg to us, the pair has also a high radial velocity of 108 km/s, indicating that 61 Cyg is not a member of the thin disk of our Galaxy. The proximity of 61 Cyg makes it a northern analog of the numerical modeling benchmark α Cen. Its large parallax also means that this is the easiest low-mass dwarf to resolve interferometrically. The spectral types of its two members (K5V and K7V) ideally complement our previous studies of α Cen A & B (G2V+K1V, Kervella et al. 2003a , Bigot et al. 2006 . The masses of 61 Cyg A & B are controversial, with estimates ranging from approximately 0.74 and 0.46 M ⊙ (Gorshanov et al. 2006 ) to 0.67 and 0.59 M ⊙ (Walker et al. 1995) . With effective temperatures of about 4 400 and 4 000 K, they shine with luminosities of only 0.15 and 0.08 L ⊙ . There is no confirmed planet around them, although indications exist that 61 Cyg B could host a giant planetary companion (see. Sect. 2.3). As dimmer versions of solar type stars, they have magnetic cycles similar to that of the Sun, the brighter 8 years, the fainter 11 years (Hempelmann et al. 2006) . Their rotation periods are of the order of 35 days, therefore no rotational distorsion of their photospheres is expected. The abundances of heavy chemical elements have been determined (Luck & Heiter 2005 in these stars which are found slightly metal poor (-0.2 dex), so a priori older than the Sun but belonging to the galactic disk.
In Sect. 2, we detail the interferometric observations and the corresponding physical parameters we derive (angular diameters and linear radii). Together with the additional observables listed in Sect. 3, we propose in Sect. 4 a modeling of the two stars using the CESAM2k code. We finally present asteroseismic frequency predictions in Sect. 5.
Interferometric observations

Instrumental setup
Our observations of 61 Cyg were undertaken in November 2006 in the near infrared K ′ band (1.9 ≤ λ ≤ 2.3 µm), at the CHARA Array (ten Brummelaar et al. 2005 ) using FLUOR, the Fiber Linked Unit for Optical Recombination (Coudé du Foresto et al. 2003) . We used the FLUOR Data reduction software (DRS) (Coudé du Foresto et al. 1997; Kervella et al. 2004a; Mérand et al. 2006) , to extract the squared instrumental visibility of the interference fringes. The baseline was chosen according to the predicted angular sizes of 61 Cyg A & B (approximately 1.5 to 2 mas) and the wavelength of observation, in order to obtain the most constraining measurements on the angular diameters. This led to the choice of the CHARA telescopes S1 and E2, separated by a linear distance of 279 m. The calibrator stars were chosen in the catalogue compiled by Mérand et al. (2005) , using criteria defined by these authors (Table 1) . They were observed immediately before or after 61 Cyg in order to monitor the interferometric transfer function of the instrument.
We selected these calibrators so that their visibility measurements have comparable signal-to-noise ratios to 61 Cyg A & B.
As they have nearly the same effective temperature and brightness as our targets, their angular diameters are also similar. It results that the final precision of our angular diameter measurements of 61 Cyg is limited by the uncertainties on the calibrators' diameters. We took them carefully into account in our final error bars, including the correlations between different calibrated observations of the same star. The reader is referred to Perrin (2003) for a detailed description of the error propagation method we used. The final calibrated visibilites of 61 Cyg A and B are listed in Table 2 .
As a remark, using smaller (hence fainter) calibrator stars would have led to a larger observational uncertainty on the measured visibility of the calibrator and would not have improved, or only on a marginal note, the accuracy of the angular diameters of 61 Cyg A & B.
Limb darkened angular diameters
In order to estimate the angular diameter from the measured visibilities it is necessary to know the intensity distribution of the light on the stellar disk, i.e. the limb darkening (LD). We selected the four-parameter LD law of Claret (2000) :
The a k coefficients are tabulated by this author for a wide range of stellar parameters (T eff , log g,...) and photometric bands (U to K). To read Claret's tables for the PHOENIX models, the effective temperatures of 61 Cyg A and B were rounded to T eff (A) = 4400 K and T eff (B) = 4000 K, with a metallicity rounded to solar (log[M/H] = 0.0), a turbulent velocity V T = 2 km/s, and a surface gravity rounded to log g = 5.0. From the masses we derive in Sect. 4 (listed in Table 5 ) and the measured radii (Sect. 2.4), the effective gravities are log g = 4.71 and log g = 4.67, respectively for 61 Cyg A and B. The values of the four a i parameters corresponding to Claret's intensity profiles of the two stars in the K band are given in Table 3 .
The FLUOR instrument bandpass corresponds to the K ′ filter (1.9 ≤ λ ≤ 2.3 µm). An effect of this relatively large spectral bandwidth is that several spatial frequencies are simultaneously observed by the interferometer. This effect is known as bandwidth smearing. It is usually negligible for V 2 ≥ 40%, but not in our case as the measured visibilities are closer to the first minimum of the visibility function. To account for this effect, the model visibility is computed for regularly spaced wavenumber spectral bins over the K ′ band, and then integrated to obtain the model visibility. This integral is computed numerically and gives the model V 2 as a function of the projected baseline B and the angular diameter θ LD . A simple χ 2 minimization algorithm is then used to derive θ LD , the 1 σ error bars and the reduced χ 2 . For more details about this fitting procedure, the reader is referred to Kervella et al. (2003b) or Aufdenberg et al. (2005) .
In the infrared K band, the LD is much weaker than in the visible, and for instance the difference in the LD of 61 Cyg A Table 1 . Calibrators used for the observations. They were selected in the catalogue assembled by Mérand et al. (2005) . The limb darkened (θ LD ) and uniform disk (θ UD K , for the K band) angular diameters are given in milliarcseconds (mas). The angular separation α between the calibrators and 61 Cyg is given in the last column, in degrees.
and B is small. It can be quantified by the ratio β of the LD angular diameter θ LD and the equivalent uniform disk angular diameter θ UD . From Claret's models, we obtain β(A) = 1.0305 and β(B) = 1.0263. The difference between the two stars is 0.4% for ∆T eff ≈ 400 K. To account for the uncertainty on the effective temperatures, we thus included a ±0.2% systematic uncertainty on the LD angular diameters of the two stars. The LD being in any case small in the K band, this appears as a reasonable assumption.
There is also an uncertainty on the effective wavelength of the instrument. As the measurements are differential in nature (between the scientific targets and the calibrators), this impacts the measurement only as a second order effect. The true effective wavelength of FLUOR instrument was calibrated by observing with high accuracy the binary star ι Peg (Mérand et al. 2008, in prep.) . The relative uncertainty introduced on the angular diameters of 61 Cyg A & B is estimated to ±0.1%, i.e. negligible compared to the statistical uncertainties (0.7% and 1.4%). Both the LD and wavelength uncertainties were added quadratically to the errors from the fitting to arrive at the final uncertainties of the LD angular diameters. The result of the fits are presented for 61 Cyg A & B in Figs. 1. The reduced χ 2 are 1.0 and 3.6, respectively for A and B. From the CHARA/FLUOR visibilities, we derive the following LD angular diameters:
θ LD (61 Cyg B) = 1.581 ± 0.022 mas.
Angular diameter discussion
We can compare the measured LD angular diameters to the expected values for these stars from the surface brightness-color relations calibrated by Kervella et al. (2004b) . Using the (B, B − L) relation (photometry from Ducati et al. 2002) , we obtain the following predicted values: θ LD (61 Cyg A) = 1.813 ± 0.019 mas, and θ LD (61 Cyg B) = 1.704 ± 0.018 mas. While the agreement is good for A (within ≈ 1 σ), the predicted size for B is 4 σ larger than the measured value. Both our measured angular diameter value for 61 Cyg B and this estimate from surface brightness are significantly different from the measurement obtained by Lane & Colavita (2003) using the Palomar Testbed Interferometer. They obtained an angular diameter of θ LD (61 Cyg B) = 1.94 ± 0.009 mas, that corresponds to a difference of +8 σ from our CHARA/FLUOR measurement, and +11 σ from the surface brightness predicted values. One should note that the measurement of the angular size of the star was not the primary focus of their work (in particular, no spatial filter was used for this measurement, resulting in a more difficult calibration of the visibilities). These discrepancies combine with the larger observed dispersion of the CHARA/FLUOR measurements (compared to A) to indicate a possible additional contributor in the interferometric field of view around B (≈1"). Moreover, 61 Cyg B shows a slight visibility deficit at our shortest baseline which corresponds to a 1.0 ± 0.4% photometric excess. These observations can be explained if B is surrounded by a disk, or by the presence of a faint companion. Interestingly, an 8 M J companion was proposed by Strand (1943 Strand ( , 1957 , based on astrometric measurements. This possibility was suggested again by Deich & Orlova (1977) , Deich (1978) , and recently by Gorshanov et al. (2006) , based on astrometry of the two stars. One should note however that a giant planet with a mass around 10 M J and the age of 61 Cyg will be extremely faint, according for instance to the models by Baraffe et al. (2003) , with an absolute K band magnitude of M K ≈ 30, and an apparent magnitude of m K ≈ 28. It thus appears unlikely that such a planet can influence the CHARA/FLUOR interferometric measurements. Moreover, using radial velocimetry, Walker et al. (1995) excluded the presence of low mass companions around both components of 61 Cyg down to a few Jupiter masses, up to periods of about 30 years.
As our present data set is too limited to investigate this possibility, we postpone this dicussion to a forthcoming paper. The dispersion of the V 2 measurements observed on B is in any case taken into account in the bootstrapped error bars of the LD angular diameters and will therefore not affect our modeling anaysis.
Linear photospheric radii
We assumed the following parallax values for the two stars: π(61 Cyg A) = 286.9 ± 1.1 mas, 
R(61 Cyg B) = 0.595 ± 0.008 R ⊙ .
The relative uncertainties on the radii are therefore ±0.8% and ±1.4% respectively for A and B. Thanks to the high precision of the parallaxes (0.38% and 0.25%), the radius accuracy is limited by the precision of the LD angular diameter measurements.
Additional observational constraints
Masses
In spite of the proximity and large semi-major axis (a = 24.65 ′′ ) of 61 Cyg, its very long orbital period of 6-7 centuries makes it 
While these values are rather uncertain, we will use them as our starting guesses for the CESAM2k modeling. As a comparison, the masses proposed by Gorshanov et al. 
Effective temperature
Knowing the LD angular diameter of the stars, it is possible to invert the surface brightness-color (SBC) relations calibrated by Kervella et al. (2004b) to retrieve the effective temperature of a star from any of its apparent magnitudes. Applying this method to 61 Cyg A and B (Fig. 2) yields consistent effective temperatures for the BVRI bands of:
T eff (61 Cyg B) = 4040 ± 80 K.
The apparent magnitudes of the two stars (Table 4) were taken from the Hipparcos catalogue (ESA 1997) and the catalogue compiled by Ducati (2002) . Thanks to the proximity of 61 Cyg, we can neglect interstellar extinction. As a remark, the average effective temperature retrieved from the HKL bands are higher than from the visible bands, respectively by 80 and 200 K for 61 Cyg A and B. It may be a consequence of the activity of the stars, but more likely, it could be due to the relatively poor photometry available in these bands. The two stars are in particular too bright to have accurate magnitudes in the 2MASS catalogue (Skrutskie et al. 2006) . For this reason, we consider the T eff estimates based on the visible photometry (BVRI) more reliable. Kervella et al. (2004b) .
Luminosity
The luminosity of the two stars of 61 Cyg can be computed using two methods: (1) combining the effective temperature and the interferometric radius, (2) from the apparent magnitude, the bolometric correction, and the parallax. We can also use the K band bolometric corrections (BC K ) from Houdashelt, Bell & Sweigart (2000) to retrieve the bolometric magnitude from the apparent K band magnitudes of the stars (Table 4 ). An interpolation of Houdashelt et al.'s tables gives BC K (A) = 2.152 and BC K (B) = 2.433. Considering the uncertainty on the metallicity of the two stars, and the difference observed between the visible and infrared effective temperature estimates (Sect. 3.2), we attributed a ±0.07 mag error bar to these bolometric corrections. Together with the parallaxes, they correspond to absolute bolometric magnitudes of M bol (A) = 6.80 ± 0.08 and M bol (B) = 7.42 ± 0.09, and the following luminosities (with M bol (⊙) = 4.75):
These figures are in excellent agreement with those computed from the effective temperature and the radius. In our subsequent modeling of the two stars, we will use simultaneously as constraints the different available observables. However, various correlations exist between these observables, for instance between R, L and T eff through Stefan-Boltzmann's law, and we prefer to limit the influence of these correlations as much as possible. However, this was not possible with all parameters as, for instance, the parallax plays a role in the derivation of most of them. As the bolometric corrections have the advantage of being independent from the radius measurement, we retain them for our modeling of the two stars. 
Metallicity
An error of 0.10 dex on the metallicity translates into an error of 160 K on the effective temperature, so a good knowledge of the metallicity is important. A number of metallicity estimates can be found in the literature. Zboril & Byrne (1998) 
For the abundance analysis, they used plane-parallel, lineblanketed, flux-constant, LTE, MARCS model atmospheres. These models are a development of the programs of Gustafsson et al. (1975) . We selected these values, as they are well in line (within 1 to 2 σ) with the measurements obtained by other authors. In addition, we used the MARCS models for the atmosphere description of our evolutionary modeling (Sect. 4), so Luck & Heiter's determination appears as a natural choice for consistency.
Modeling with CESAM2k
The observational constraints and parameters used to construct our CESAM2k evolutionary models (Morel 1997; Morel & Lebreton 2007 ) are summarized in Table 5 . As a binary system, components A and B of 61 Cyg must have the same age, initial helium content, and metallicity (assuming that the system formed as a binary). By comparison with our previous modeling efforts (see e.g. Thévenin et al. 2005 ), we implemented a few modifications for the present work. The equation of state now includes Coulomb corrections due to low masses of these stars and the corresponding high density. We used MARCS models (Gustafsson et al. 2003 (Gustafsson et al. , 2008 1 for the atmosphere description. The treatment of convection makes use of a new modified routine (conv a0) based on the classical mixing length theory (hereafter MLT). The mixing length vanishes at the limit between convective and radiative zones 2 . Note that our small values of the α parameter (that describes the convection in MLT) are in good agreement with the systematic trend of this parameter in low mass stars, where its value decreases steeply with mass. For instance, if for the Sun the most common quoted value of α is about 1.9 (Morel et al. 1999) , Yildiz et al. (2006) obtain for low mass stars values such as 1.2 for 0.8 M ⊙ or 1.7 for 0.9 M ⊙ . Compared to these values, our values of α of 0.8 for 61 Cyg B (0.6 M ⊙ ) and 1.2 for 61 Cyg A (0.7 M ⊙ ) appear reasonable.
We define the stellar radius of a model as the bolometric one, which is equivalent to the interferometric definition of the limb darkened angular diameter. The microscopic diffusion of chemical species is taken into account according to Burgers (1969) , using the resistance coefficients of Paquette et al. (1986) . According to the prescription of , we introduce an additional mixing parameterized by Reν ≈ 1. This parameterization is not important for the stars 61 Cyg A & B because the diffusion is inefficient for low mass stars with solar metallicity.
The adopted metallicity [Z/X], which is an input parameter for the evolutionary computations, is given by the iron abundance measured in the atmosphere with the help of the following approximation: log(Z/X) ≈ [Fe/H] + log(Z/X) ⊙ . We use the solar mixture of Grevesse & Noels (1993) : (Z/X) ⊙ = 0.0245. The evolutionary tracks are initialized at the Pre-Main Sequence stage ; therefore, the ages are counted from the ZAMS.
To fit the observational constraints (T eff , L and surface metallicity [Z/X] sur f ) with corresponding results of various computations, we adjust the main stellar modeling parameters: mass, age and metallicity. In Fig. 3 , the rectangular error boxes correspond to the values and accuracies of the T eff and L parameters quoted in Table 5 . The values of the radii reported in the present work select very narrow diagonal sub-areas in these error boxes. The new measurements of radii are thus particularly discriminating for the models, as previously noticed by Thévenin et al. (2005) and Creevey et al. (2007) .
We adopt an initial helium content of Y ini =0.265 which correspond to a slightly metal poor disk star. We then tried to fit the evolutionary models within the error boxes of both stars with the masses proposed by Gorshanov et al. (2006) of 0.74 and 0.46 M ⊙ . In this process, we explored a range of abundance Z/X by changing the observed value by ±0.15 dex and Y by ±0.01 dex. We also tried varying the masses by ±0.05 M ⊙ . No combination of the three parameters produced evolutionary models reaching the error boxes of the HR diagram, that are strongly constrained by the radius. The variation of the α parameter of the convection depth did not help either. From this we conclude that the masses proposed by Gorshanov et al. (2006) are not reproducible by our modeling within ±0.05 M ⊙ . For this reason, we decided to use as a starting value the older mass determination by Walker et al. (1995) of 0.67 and 0.59 M ⊙ . The convergence of our models towards the observations is significantly better and we could refine these masses to the values listed in Table 5 .
We selected as the most plausible models those satisfying first the luminosity and radius constraints and second the effective temperature constraint. The corresponding parameters are given in Table 5 . The models of 61 Cyg A and B converge simultaneously to the radii-limited uncertainty boxes for an age of 6.0 ± 1.0 Gyr. This is significantly older than the 2.1-1.9 Gyr estimate of Barnes (2007) , that was derived from the measured rotation period of the stars (gyrochronology). The chromospheric age quoted by this author of 2.4-3.8 Gyr also appears lower than our value.
Asteroseismic frequency predictions
Late-type bright binaries are rare but represent, once analysed with asteroseismic constraints, an excellent challenge for internal structure models to derive the age and helium content in the solar neighborhood. With the improved determinations of the fundamental parameters of the 61 Cyg system, we propose predictions of pulsation frequency separations useful for asteroseismic diagnostics. To date, no detection of pulsation has been observed in these two stars. Our purpose here is not to predict which modes are excited but rather to compute a broad range of eigenfrequencies ν n,ℓ with radial orders n > 10 and degrees Fig. 4 . Diagram representing the small separations δν n,ℓ (vertical axis) as a function of the large ones ∆ν n,ℓ (horizontal axis) for the two components 61 Cyg A (△) and B (•). We consider here only (δν n,0 , ∆ν n,0 ) (solid line) and (δν n,1 , ∆ν n,1 ) (dashed line). The successive radial nodes n > 10 are indicated on the curves. ℓ = 0, 1, 2, 3 up to the cut-off frequency, so that they will cover possible future detections and eventually help to constrain future models of these stars. For a thourough review of the asteroseismic concepts discussed in the present Section, the interested reader is referred to the excellent review by Cunha et al. (2007) .
The frequencies ν n,ℓ are calculated with a standard adiabatic code for stellar pulsations (e.g. Unno et al. 1989 ). Instead of looking at the absolute values of the frequencies, we consider the so-called small δν nℓ = ν n,ℓ − ν n−1,ℓ+2 and large separations ∆ν n,ℓ = ν n,ℓ − ν n−1,ℓ which are the relevant quantities to constrain stellar properties (e.g. Christensen-Dalsgaard 1984) . The former gives information about the stellar evolutionary status of the star since low degree modes have their inner turning points close to or in the core of the star. It is particularly dependent on the gradient of the sound speed in the core which changes as the star evolves (e.g. Gough 1986 ). The large frequency separation ∆ν 0 roughly equals:
with c s the sound speed. This quantity is a measure of the propagation time inside the star. It is proportional to the mean density which is then a strong constrain on the mass once the radius is determined by interferometry (Cunha et al. 2007 ). We plot these separations in Fig. 4 in a (δν n,ℓ , ∆ν n,ℓ ) diagram for the two components 61 Cyg A & B. The small and large separations show the same behaviors with the radial nodes for the two stars. The shifts between ∆ν n,ℓ for the two stars reflect the difference of their mean densities. It is interesting to note the change of sign of δν n,ℓ for large values of n.
Conclusion
We presented high accuracy interferometric measurements of the angular diameters of the two nearby stars 61 Cyg A & B: θ LD (A) = 1.775±0.013 mas and θ LD (B) = 1.581±0.022 mas, corresponding to photospheric radii of R(A) = 0.665±0.005 R ⊙ and R(B) = 0.595 ± 0.008 R ⊙ . We computed CESAM2k models that reproduce these radii as well as the other observed properties of the two stars. 61 Cyg A & B appear as very promising targets for future asteroseismic studies, and we also derived asteroseismic frequencies potentially present in these two stars. The detection of oscillations would bring important constraints to stellar structure models in the cool, low-mass part of the HR diagram, where convection plays a central role. However, in the absence of measured asteroseismic frequencies, it appears difficult to go beyond the present modeling of the binary system. The main reason is that the mass is not constrained sufficiently well by the long period astrometric orbit. We encourage asteroseismic groups to include these two stars in their observing programmes, as the measurement of seismic parameters (in particular the mean large frequency spacing) will bring a decisive constraint to the mass of these stars. We also found that the value of the mixing length parameters for both stars is very well constrained by the radius once the other parameters of the model are fixed, in particular the mass. We reach the same conclusions as Yildiz et al. (2006) that the α parameter is mass dependent at least for solar abundance stars. The future Gaia mission (Perryman 2005) will open the way to a complete calibration of several thousand binaries. Such a large sample will give us a completely renewed view of convection in stars (see e.g. Lebreton 2005 ).
